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Introduction 8
Due to seasonal variations, a large percentage of worldwide fruit crops are kept 9 in storage for extended periods of time, before distribution for sale in different coun-10 tries (Camarenta and Martinez-Mora, 2006 ). In such a situation, it is critical to be 11 able to easily and reliably measure the quality of the fruits, so that optimal conditions 12 for maturity and freshness can be met, and to dispose of sub-standard (dry, over-ripe 13 etc.) fruit. Where fruit is not being moved to storage, it is also beneficial to be able to 14 measure these properties in situ before or at the time of harvesting.
15
Although a number of factors come into defining overall fruit quality, common 16 physical indicators include firmness, which is typically measured destructively using 17 penetration tests (Abbott, 1999) and non-destructive method for quantitatively determining fruit quality would be of 22 great economic benefit to the agriculture industry.
23
By and large, the use of traditional ultrasonic methods on fruit has been unsuc-24 cessful as their acoustic properties were not understood (Mizrach, 2008) . Pores and 25 inter-cellular voids in the fruit's flesh cause ultrasonic waves to be scattered, causing 26 attenuation to be several orders of magnitude greater than that in air (Javanaud, 1988) , 27 making ultrasonic results difficult or impossible to analyse (Povey, 1998) .
28
Examples of ultrasonic measurements on a wide range of fruit and vegetables can 29 be found in Watts and Russell (1985) , Povey (1998) 
44
The most successful ultrasonic measurements of fruit and vegetables have been 45 gained using surface wave transmission techniques. In these experiments, two fine-46 tipped ultrasonic transducers were angled towards each other, close together (5-18 mm) 47 on the surface of the sample, and the attenuation and velocity of propagation were mea- 
52
The disadvantage of two-transducer ultrasonic methods is that the transducers must 53 be properly aligned, making such methods difficult to apply automatically or in a non-54 laboratory environment.
55
Single transducer pulse-echo techniques of fruit and vegetable internals prove im-56 possible as attenuation is twofold due to the extra distance which must be travelled.
57
This paper presents a novel, single-transducer method for determining fruit quality, 58 which can easily be applied automatically or in the field. Prior research into the ultrasonic testing of fruit has often been hindered by the 62 use of generic ultrasound equipment, which is not necessarily suited for use on fruit.
63
In order to overcome the limitations imposed by using ill-suited equipment, a custom 64 ultrasonic device was designed and manufactured by researchers at the University of 
78
As reliable transmission ultrasound through whole fruit had so far proven prob-79 lematic, the primary focus for research was low-power, surface-based ultrasonic tech-80 niques. For this, two 9V PP3 type batteries were sufficient to power the device, which 81 also allowed it to be portable for possible field use. A MOSFET based ultrasonic front-82 end was used to drive the transducer output with a regulated 30Vpeak-to-peak square 83 signal.
84
The return signal is buffered using a high-sensitivity instrumentation amplifier and 85 captured using a 12-bit analogue to digital converter (ADC) at a rate of 3 million sam- 
Ultrasound Transducer

94
A 100kHz contact transducer, model GRD100-D25, from Ultran Group R was used.
95
The transducer was used without a delay line. Using the custom ultrasound device, the 
Ultrasound analysis technique
106
A novel pulse-echo based ultrasound analysis technique (the technique) was devel-107 oped specifically for analysis of fruit, which uses ultrasonic echoes close to the surface 108 of the fruit and from the transducer-fruit boundary itself to classify the overall proper-109 ties of the fruit.
110
The pulse-echo technique uses reflections of ultrasonic energy from boundaries of 111 differing acoustic impedance to identify the physical composition of the medium. The 112 ratio of reflected to total incident ultrasonic energy at a such a boundary is given by:
where Z 1 and Z 2 are the acoustic impedance of the medium (measured in Rayls) either 114 side of the boundary.
115
Usually, a coupling gel is used to minimise the impedance mismatch between the 116 transducer and the medium by creating a homogeneous layer through which the gen- 
122
The technique used analyses reflections from fruit under dry coupling (without 123 coupling gel) conditions to assess the acoustic and physical properties of the fruit.
124
When the transducer and fruit are held in contact with one another under dry coupling 125 conditions, the transducer is partially coupled to the medium. As such, the overall With this in mind, the technique was used to examine the orange peel to determine the 133 overall properties of the fruit. This is especially advantageous in this case, as ultra-134 sonic signals internal to the fruit would be subjected to high levels of attenuation and 135 dispersion. 
the total reflected energy (RE) can be directly related to the density of the medium 149 being imaged by adapting Eq. 1:
where G is a unitless scaling factor introduced by the numerical integration and quan- of the samples to be directly compared.
168
To illustrate the effect of transducer coupling force, the technique was applied to 169 five navel oranges. Each of the oranges was selected to represent an extreme case, 
Relative Water Content
177
Fruit from the same crop will not always share physical characteristics, so the de-178 structive measurement techniques which are applied to only a small fraction of fruit in 179 storage are unable to identify individual sub-standard specimens within a single batch.
180
The technique was used to non-destructively determine the relative hydration of a 181 sample of oranges. 20 navel oranges of varying size, maturity and skin texture were 182 selected.
183
The density of the oranges was used as a physical measure of hydration, as an or-
184
ange with a higher water content will have a higher density (closer to 1 g/ cm 3 ), whereas 185 a dry or mealy orange will have a lower density. The density of each orange was calcu- calculations is no more than 3.5%.
218
On five out of the nine days, 15 oranges were selected at random and their mass, the force was sufficient to permanently deform the oranges, which is inappropriate for 235 a non-destructive testing regime.
236
Oranges with differing physical characteristics were chosen so that the reflected en-237 ergy patterns were easily distinguishable over a wide range, to best illustrate the effect 238 of varying transducer coupling force. As the force was increased, the reflected energy Table 1 shows the correlation between the physical and ultrasonic measurements,
295
as well as time.
296
The reflected energy and firmness show the highest correlation (R = 0.989). As 
Conclusion
308
The novel pulse-echo ultrasound technique was successfully applied to Navel Or- tests to be performed in situ without having to destroy a fraction of the crop.
324
The results reflect the two primary physical attributes which impact the technique.
325
The first shows a relationship between the reflected energy and the density, and hence 326 acoustic impedance, of the oranges, illustrating the effect of having an acoustic im-
327
pedance mismatch between the transducer and orange despite the use of dry coupling.
328
Meanwhile, the second shows a strong correlation between the level of reflected energy 329 and the firmness of the oranges, demonstrating the result of creating a more homoge-
330
neous coupling boundary as the oranges soften.
331
It is foreseeable that the developed technique could be applied to oranges pre-332 harvest, allowing fruit maturity to be monitored and the optimal time for harvest to 333 be determined. Additionally, the method can potentially be applied to other fruit where 334 firmness and water content are primary indicators of quality.
335
Designed a custom, portable ultrasound device specifically for fruit analysis Developed a novel ultrasound technique analysing on near-surface echoes Able to identify firmness and hydration of oranges using ultrasonic technique
